Summary Telomerase is a ribonucleoprotein capable of replacing telomeric DNA sequences that are lost at each cell division. Under normal circumstances, it is active in rapidly dividing embryonic cells and in stem cell populations but not in terminally differentiated somatic cells. Much attention has recently focused on the hypothesis that activity of this enzyme is necessary for cells to become immortal. This predicts that telomerase activity should be detectable in malignant cells and tissues but not in their normal counterparts, which slowly senesce and die. In accordance with this notion, telomerase activity has been reported in a wide range of malignancies, including those of the gastrointestinal tract, breast and lung. In the present study, we used a polymerase chain reaction (PCR)-based assay for telomerase activity, designated the 'telomeric repeat amplification protocol (TRAP)', to examine initially 35 colonic carcinomas, their corresponding normal tissues and 12 inflammatory bowel disease (IBD) lesions. We detected strong enzyme activity in 32 (92%) of the 35 colon carcinomas while there was no activity in 30 (86%) of 35 matched normal colonic tissue specimens and only very weak activity in the remainder. Four of seven specimens of ulcerative colitis and two of five Crohn's disease lesions were negative, and the rest were only weakly positive. These results led us to examine whether telomerase could be detected in carcinoma cells exfoliated into the colonic lumen. We assayed lysates of exfoliated cells in luminal washings from colectomy specimens of 15 patients with colon carcinoma and nine with IBD. Telomerase activity was detected in washings from 9 (60%) of the 15 colon carcinoma cases but not in any from cases with IBD, suggesting that it can be a good marker for the detection of colon carcinoma, possibly even in non-invasively obtained samples.
Colorectal carcinoma is a common gastrointestinal neoplasm in many countries. Recent advances in surgical treatment, chemotherapy, radiotherapy and immunotherapy have greatly improved the prognosis of such patients. However, despite improvements in the clinical investigation of bowel disorders, including doublecontrast barium enema and endoscopy, the early detection of colorectal carcinoma is still a major clinical problem. These methods are expensive, uncomfortable and labour intensive. Conversely, the presence of fresh or occult blood in the stool is a frequent feature in symptomatic disease and is an easy test for screening but it is not specific for carcinoma. A reliable, preferably non-invasive, method is therefore urgently needed for evaluation of symptomatic and asymptomatic individuals, especially high-risk patients.
One approach to this problem is to identify reliable molecular biomarkers for the detection of colon carcinomas, and a number of candidates have recently been suggested. These include mutations in tumour-suppressor genes such as p53 (Hollstein et al, 1991) , APC (Kinzler et al, 1991a) , MCC (Kinzler et al, 1991b) and DCC (Fearon et al, 1990a) . Mutations in DNA mismatch repair genes Received 23 May 1996 Revised 4 September 1996 Accepted 13 September 1996 Correspondence to: D Tarin (Leach et al, 1993) and oncogenes such as Ki-ras (Fearon et al, 1990b; Smith-Ravin et al, 1995) have also been implicated.
More recently, the enzyme telomerase has been attracting interest as another promising candidate marker (Counter et al, 1994) . The 'telomere hypothesis' proposes that activation of telomerase is necessary for cells to become immortal or capable of extended proliferation (Rhyu, 1995; Shay et al, 1995) . Telomeres are specialized nucleoprotein structures at the ends of eukaryotic chromosomes which contain multiple tandem repeats (Greider et al, 1987; Morin, 1989) . They are believed to have a role in protecting the end of the chromosome from fusion and recombination events by interactions with DNA-binding proteins and with those of the nuclear matrix. Sormatic cell telomeres are progressively shortened by 40-200 bp with each cell division, and reduction beyond a critical point leads to subsequent exit from the cell cycle and senescence (Harley et al, 1990 (Harley et al, , 1991 Counter et al, 1992; Greider, 1994) . The restoration of telomeric repeats to the ends of the chromosome may overcome this limitation, and this maintenance function is performed by the enzyme telomerase.
Telomerase is a ribonucleoprotein that synthesizes TTAGGG tandem repeats at each telomeric region to re-extend it to its original length (Morin, 1989) . The enzyme is active in embryonic cells and in stem cells but activity is undetectable in normal, terminally differentiated somatic cells (Kim et al, 1994) . Cells that can overcome this limitation have the potential for prolonged survival and indefinite proliferation, and recent data indicate that telomerase is indeed reactivated in immortal cancer cells. Activation of telomerase in a cell may lead to the evolution of a clonal line with enhanced survival capabilities and the potential to develop into a tumour (Harley, 1991; Rhyu, 1995; Shay et al, 1995) . Hence, if the 'telomere hypothesis' applies to human malignancy, one might predict that telomerase activity would be detectable in the initial stages of neoplasia and could therefore be a particularly useful marker for early diagnosis.
In the present study, we assessed whether telomerase activity could be a good diagnostic marker of colonic carcinoma. The enzyme activity was initially assayed in colorectal carcinoma tissues, matched adjacent normal tissues and IBD lesions. Furthermore, to elucidate whether it would be possible to detect cancer cells in colonic luminal washings, telomerase activity was assayed in the lysate of exfoliated cells obtained from colonic luminal washings of resected specimens. This study demonstrates the feasibility of non-invasive colonic cancer detection by analysis of colonic luminal washings or stool samples from patients. Exfoliated cells were collected from 15 colorectal cancer specimens and from nine affected by IBD. The IBD group included five ulcerative colitis and four Crohn's disease specimens. The lumen of each surgically resected specimen was washed with water to remove faecal debris and then with 500 ml of physiological saline, which was collected before opening the bowel for pathological examination and tissue sampling. A 1-ml aliquot of the saline washings was removed for cytology after which the remainder was centrifuged at 3000 r.p.m. for 15 min. The resulting cell pellets were snap frozen in liquid nitrogen and stored at -80°C.
MATERIALS AND METHODS
Protein extraction Protein extractions from cell lines were performed according to protocols published previously (Kim et al, 1994) . The HT29 human colon carcinoma cell line was routinely cultured in RPMI 1640 medium (Gibco, BRL, Paisley, UK) supplemented with 10% fetal calf serum at 37°C in an atmosphere containing 5% carbon dioxide. Cells were harvested and centrifuged at 3000 r.p.m. for 5 min and the cell pellet was washed with ice-cold washing buffer [10 mM Hepes-potassium hydroxide (pH 7.5), 1.5 mm magnesium chloride, 10 mm potassium chloride, 1 mM dithiothreitol], pelleted again and resuspended in four volumes of the cell pellet of ice-cold TRAP lysis buffer [10 mM Tris-HCl (pH 7.5), 1 mm magnesium chloride, 1 mm EGTA, 0.1 mm AEBSF (ICN Biomedicals, Thame, UK), 5 mm P-mercaptoethanol, 0.5% CHAPS, 10% glycerol]. Tissues from colorectal carcinomas and from matched normal mucosa were histologically verified by cryostat sectioning before analysis. For protein extraction, 20 cryostat sections (10-jim thick) from each sample, were dissolved in 50-70 ,ul of ice-cold TRAP lysis buffer, incubated for 30 min on ice and centrifuged for 30 min at 14 000 r.p.m. at 4°C. The supernatant was decanted, snap frozen and stored at -80°C. The frozen pellet of exfoliated cells from colon luminal washings were washed with washing buffer and then dissolved in the lysis buffer of four cell-pellet volumes and lysed in the same manner as tissues. Protein concentrations were measured by Bio-Rad protein assay kit (Bio-Rad, UK) and were in the range of 5-10 mg ml-'. Six micrograms of the extract were used for each telomerase assay.
Telomerase assay
Telomerase activity was assayed by a modification of the 'telomeric repeat amplification protocol (TRAP)' (Kim et al, 1994) . Briefly, 2 p1 of the cell extract (3 jig protein .tl ') were incubated with 20 mm Tris-HCI (pH 8.3), 1 mm magnesium chloride, 63 mM potassium chloride, 0.005% Tween-20, 1 mm EGTA, 50 mM deoxynucleotide triphosphate, 0.4 ji of [oc-32P]dCTP (10 mCi ml-', 3000 Ci mmol-', Amersham, UK), 1 ,ug of T4g32 protein (Boehringer Mannheim), bovine serum albumin (0.1 mg ml-'), 2 units of Taq DNA polymerase (Boehringer Mannheim) and 0.1 jig of TS primer (5'-AATCCGTCGAGCAGAGTT-3') at 20°C for 30 min and then heated at 90°C for 3 min. During the latter step, 0.1 jig of CX primer (5'-CCCTTACCCTTACCCTTACCCT AA-3') was added, and the reaction mixture was subjected to 31 PCR cycles of 94°C for 45 s, 50°C for 45 s and 72°C for 90 s. For assessment of the sensitivity of the telomerase assay, extracts containing 6 jg, 0.6 jig and 0.06 jg of protein were routinely used in the TRAP reaction. Confirmation of the RNAase A-sensitivity of positive telomerase assays was performed as follows: 10 jil of cell extract were digested with 0.5 jig of RNAase A (Boehringer) for 20 min at 37°C. and 2 jil of the protein extract was used in the TRAP reaction. The TRAP assay results were visualized by electrophoresis of 15 jl of the PCR products in 0.5 x Tris-borate EDTA buffer in 12% polyacrylamide non-denaturing gels. Gels were dried and exposed to radiographic film overnight at room temperature.
RESULTS

Telomerase activity in colorectal carcinoma tissues
In this assay, telomerase activity is recognized by a distinctive series of bands present in an electrophoretic gel or on autoradiographic film. Each band differs in size from its neighbour by the addition of a further TTAGGG repeat, creating the appearance of a 6 bp ladder (Figure 1) .
Telomerase activity was detected in 32 (92%) of the 35 colorectal carcinomas examined, while it was not detected in 30 (86%) of the 35 matched normal tissues from the same patients and was only very weakly present in the remainder. Representative results are shown in Figure 1 . In this figure, it can be seen that, although telomerase activity was detected in all the tumour samples shown, the intensity of the signal differed from case to case. An example of a weakly positive normal tissue sample is also shown (case 72). In order to compare the intensity of the activity present in the different samples, cell lysates were serially diluted before the detected in cell lysates (6 9g of protein) from cancer patients, and its activity was not detected in the RNAase A-pretreated cell lysates TRAP assay was performed. Telomerase activity could not be detected in normal tissue lysates which were diluted 100-fold (0.06 jig). However, it was detected in 60% of colon carcinoma tissue lysates, even after 100-fold dilution (0.06 jig). The clinicopathological details of each of the carcinoma cases are compared with the corresponding observed activity of the enzyme in Table 1 . There was no correlation between telomerase activity and tumour stage. The enzyme activity was also measured in IBD lesions (Figure 1 ). Although it was very much weaker in these lesions than in carcinomas, activity was detected in three of seven specimens of ulcerative colitis and three of five specimens of Crohn's disease. The prevalence of telomerase activity in solid tumour tissues described above suggested that the assay could be a useful marker for the detection of cancer cells shed into body fluids. To evaluate the possibility that tumour cells might be detectable in stool specimens by their level of telomerase activity, we assayed luminal washings collected from the resected specimens of 15 colon cancer patients and nine with IBD, resected at the time of surgery. In order to determine the sensitivity of the assay, cells from a cultured tumour cell line were serially diluted in culture medium, lysed and the resulting protein extracts were assayed for the presence of telomerase activity. As we have recently described , telomerase activity was detected in extracts from a total of only four cancer cells (data not shown). Telomerase activity, visualized on an autoradiograph as a ladder of PCR products, was detectable in lysates of exfoliated cells obtained from cancer patients (Figure 2 ). Positive signals were always abrogated by preincubation of a known positive extract with RNAase A. This indicates that the signals were attributable to telomerase, as the active site of the enzyme contains a ribonucleic acid moiety and is therefore destroyed by this treatment. The positive signals previously observed in cases 24,29 and 32 were abolished by RNAase A digestion, indicating the specificity of the assay for telomerase.
Extracts from 9 (60%) of 15 colon luminal washings from colon cancer patients exhibited telomerase activity with varying signal intensities. Enzyme activity was not detected in cell lysates from IBD patients. The clinicopathological data, including the cytological and faecal occult blood results of the patients, are presented in Table 2 , and the specificity, sensitivity and positive predictive values of this assay are analysed in Table 3 .
DISCUSSION
Following the development by Kim et al (1994) of an extremely sensitive PCR-based assay, telomerase activity has been found in a large variety of solid tumours, including neuroblastomas (Hiyama et al, 1995a) , lung carcinomas (Hiyama et al, 1995b) , hepatomas (Tahara et al, 1995a) , gastric and colon carcinomas (Chadeneau et al, 1995; Hiyama et al, 1995c; Tahara et al, 1995b Li et al, 1996 , breast carcinomas (Hiyama et al, 1996; Sugino et al, 1996 ) and brain tumours (Langford et al, 1995) . In the present study, the activity of this enzyme was demonstrated in more than 90% of colorectal carcinomas in line with previous studies (Chadeneau et al, 1995; Tahara et al, 1995b; Li et al, 1996) . However, it was also detected, although weakly, in IBD lesions and in 14% of normal mucosal specimens. Some of our weakly positive results in a small proportion of normal mucosal specimens and in IBD might be attributable to the replicative activity of stem cells in the basal portion of the crypts, as is the case in the cells of the testis and ovary. Infiltrating lymphocytes may also contribute to the positive assays in IBD lesions as the activity of this enzyme can also be detected in peripheral blood lymphocytes (Hiyama et al, 1995d) . However, the level of telomerase activity that we detected in tumour tissues was far stronger than in IBD and normal colon tissues. Thus, enzyme activity was not detected in 100-fold diluted lysate (0.06,g of protein) from IBD lesions nor in normal tissues while it was detected in 60% of the 100-fold diluted lysate (0.06 jg of protein) obtained from colorectal carcinoma tissues. It is not yet known whether the intensities of the signals correlate with the number of immortal cells present or whether some immortal cells possess more activity than others. In this study, the presence of telomerase activity in colon tissue samples did not correlate with either the Dukes' tumour stage or the histological type of the tumours.
In a similar study, Tahara et al (I 995b) demonstrated that telomerase activity could be detected in 95% of 20 colonic cancer specimens but not in any of the corresponding normal tissues. Activity was also detected in all of the colonic adenomas they examined, suggesting that the enzyme might be activated in the early stages of carcinogenesis or that it becomes detectable in circumstances in which there is extensive glandular regeneration or reduplication.
The above results seemed to indicate that telomerase activity could be a useful ancillary tool for colorectal cancer diagnosis, and this led us to examine the feasibility of detecting exfoliated carcinoma cells in colonic luminal washings using this method. It was reasoned that the TRAP assay is so sensitive that, even if the exfoliated carcinoma cells in the washings are only a minority subpopulation among many normal surface epithelial and inflammatory cells, it could still provide a powerful method for their detection. I'his possibility is of clinical interest because it could be beneficial to be able to detect dissociated cancer cells in clinical specimens obtained non-invasively or, at least, minimally invasively.
We have previously shown that elevated quantities of unusual CD44 transcripts and protein isoforms are detectable in exfoliated cells present in naturally micturated urine from bladder cancer patients (Matsumura et al, 1994) . Moreover, exfoliated carcinoma cells in colon luminal washings were also shown to be detectable in about 73% of cases, when using CD44 exons 11 and 12 as detection markers . The present data, obtained by assay of telomerase activity has again demonstrated the possibility of detecting exfoliated carcinoma cells in tumour-bearing samples. Analysis of the data obtained in this study (Table 3) gives encouraging values for the sensitivity and specificity of cancer detection and for the positive predictive value of the method. Moreover, the washings from all cases of inflammatory bowel disease were negative for telomerase activity, indicating that any inflammatory cells which might have been harvested in the washings, did not produce enough signal to compromise the specificity of cancer cell detection. The clinical implication of such results is that the application of these techniques to evacuated stool specimens might result in a new non-invasive test for colorectal cancer. Clinical bowel preparation regimens which render the stools liquid and evacuate the lumen in preparation for surgery or radiological and endoscopic examination may be helpful for this purpose.
The proportion of colorectal cancer patients in whom we have identified telomerase activity in the colonic luminal contents and, thus, inferred the presence of exfoliated cancer cells compares favourably with data published in previous reports, using other molecular markers. For example, Ki-ras mutations were found in DNA retrieved from 50% of stool samples from 11 colorectal carcinoma cases (Smith-Ravin et al, 1995) . However, the encouraging results in our present report could be attributable partly to the mode of obtaining the exfoliated cells, i.e. by the washing out of excised colons, or possibly to the relative simplicity of the techniques for the detection of telomerase activity. Even so, the results suggest that telomerase can be a promising candidate marker for cancer diagnosis and provide the incentive for further analytical work on the difficult topic of defaecated stool analysis.
The molecular analysis of colonic luminal washings could also be a useful adjunct to endoscopy in establishing the diagnosis of colorectal cancer. We are now evaluating this by conducting studies on exfoliated cells obtained by washing of the colon during bowel preparation before radiological examination or surgery. In some cases, it proves difficult to examine the entire lumen of the colon internally and, in others, there is uncertainty about whether a stricture results from carcinoma, IBD or diverticulitis. Examination of exfoliated cells present in the luminal washings in such cases might help make a diagnosis.
The findings described above therefore indicate that telomerase may make a useful contribution to colorectal cancer diagnosis.
